ABSTRACT Fibroblast growth factor 23 (FGF-23) is proposed to be the hormone that controls phosphate (P) homeostasis in chickens. This study was initiated to investigate the effect of feeding young chicks diets that were either adequate (0.45%) or marginal (0.25%) in available P content on plasma FGF-23 levels. The dietary level of available P significantly (P ≤ 0.05) affected bone mineralization and bone length, but was without effect (P > 0.05) on growth rate and circulating FGF-23 concentrations. Substantial individual variation in bone mineralization and plasma FGF-23 levels was observed, and the correlation between these two variables was non-significant (P > 0.05). This suggested that there was no alteration in FGF-23 activity in response to suboptimal dietary P intake. The relationship of these observations to studies on the immunosuppression of FGF-23 activity is subsequently discussed.
INTRODUCTION
Phosphorus (P) is an essential nutrient, a costly feed ingredient, and can be an environmental pollutant when excreta is subject to runoff to surface waters. There have been several approaches to achieve the goal of providing chickens with adequate available P for optimum growth and skeletal development. Early investigations (Gillis et al., 1954) focused on sources and chemical forms of inorganic P, while subsequent research concentrated on procedures to improve the utilization of phytin P, the major form of P in plant materials used as feed ingredients (Nelson et al, 1971; Dersjant-Li et al., 2015) .
More recently, a novel approach by Cook's laboratory at the University of Wisconsin (Bobeck et al., 2012; Ren et al., 2017a,b) employed a synthetic peptide to develop antibodies to fibroblast growth factor 23 (FGF-23) in laying hens. FGF-23 is synthesized by osteoblasts and controls P reabsorption by the kidney, while excessive FGF-23 was discovered to be the factor responsible for the inherited hypophosphatemic rickets observed in young children (White et al., 2000) . Laying hens immunized with anti-FGF-23 antibodies had reduced P excretion (Ren et al., 2017c) and improved egg shell quality (Ren et al., 2018) . In a subsequent series of experiments, the progeny of the hens that were immunized with anti-FGF-23 antibodies were fed diets C 2018 Poultry Science Association Inc. Received June 7, 2018 . Accepted October 15, 2018 This manuscript is dedicated to the memory of Mark E. Cook. 2 Corresponding author: lnr@psu.edu that contained low or adequate available P. When compared to chicks from non-immunized hens, chicks from immunized hens exhibited improved performance when fed a low-P diet. Performance criteria included growth rate, mortality, bone mineralization, and P excretion.
Since we observed a substantial bird-to-bird variation in the plasma concentrations of FGF-23 in 21-dold broiler chicks fed a commercial starter diet since hatch, the current investigation was conducted to test the hypothesis that there is a relationship between circulating FGF-23 and bone mineralization, which is the most sensitive measure of P utilization (Shastak et al., 2012; Li et al., 2015) .
MATERIALS AND METHODS

Birds, Diets, and Analyses
All animal protocols were approved by the Institutional Animal Care and Use Committee of The Pennsylvania State University (IACUC #47344). In Experiment 1, 20 1-d-old Cobb × Cobb chicks were housed in wire cages in a temperature-controlled room at The Pennsylvania State University Poultry Education and Research Center. The chicks were fed a commercial broiler starter crumbles diet (calculated to contain 22% CP, 3182 kcal ME/kg, 1.00% calcium, and 0.47% available P; Wenger Feeds, Rheems, PA) until 21 d of age, at which time they were weighed and individual blood samples obtained. Blood was collected from the brachial vein in anti-coagulant solution of 10% sodium EDTA using 3-cm 3 syringes with 23-gauge thin-wall 2.54-cm needles. The blood was then transferred into 2-mL microcentrifuge tubes which contained protease inhibitor cocktail (SigmaFast #8830 and Aprotinin #A1153; Sigma-Aldrich, St. Louis, MO), centrifuged at 3,000× g for 20 min at 4
• C, and the plasma obtained was immediately frozen at −80
• C. For analysis, the samples were thawed and FGF-23 levels were quantified using an ELISA kit validated for avian plasma (My BioSource, San Diego, CA #MBS034670) according to the manufacturer's specification.
In Experiment 2, which was conducted to study P utilization, 64 1-d-old Cobb × Cobb chicks were assigned at random to 8 pens, with 8 chicks per pen. Four pens of chicks were fed a control corn-soybean mealbased mash diet containing 0.45% available P, which was based on the recommendations of Li et al. (2015) and was formulated to meet or exceed all NRC (1994) recommendations, while the other 4 pens of chicks were fed a suboptimal P diet calculated to contain 0.25% available P (Table 1) . Total dietary P and calcium were determined by inductively coupled plasma analysis following microwave-assisted acid digestion (Wolf et al., 2003) and was performed by the Penn State Agricultural Analytical Services Laboratory (University Park, PA). The amount of available P in Table 1 was calculated from values published for each feedstuff in Table 9 -1 of NRC (1994) . The chicks were weighed each week, and at 21 d of age, the chicks were euthanized by cervical dislocation. The left tibia was removed from each chick, cleaned of adhering tissue, and extracted in a 2:1 (vol:vol) mixture of chloroform:methanol in glass containers in a chemical fume hood for a total of 14 d.
Bones were occasionally stirred and the extraction solution was changed every 2 d. On day 15, the extraction solution was changed to 100% methanol and extraction was continued for 4 d, changing the methanol daily. On day 20, the extraction solution was changed to distilled water and the extraction continued for 4 d, changing the water daily. Bones were then dried first at room temperature for 2 d, and then at 100
• C for 24 h. The weight and length of each dried bone was recorded, and the bones were stored in a desiccator until subsequently being ashed at 600
• C for 6 h in a muffle furnace. The ash samples were cooled in a desiccator and the weight of each was subsequently measured. Plasma was obtained and FGF-23 concentrations were determined as previously described.
Statistical Analyses
To compare the effect of marginal vs. normal contents of dietary available P on bone length and total bone ash, pen means (n = 4) were checked for normality and equality of variance and then subjected to an unpaired t-test with pooled variance (Ott and Longnecker, 2010) . To assess if the natural variation in plasma FGF-23 was correlated with bone length and/or total bone ash within each dietary group, a simple linear regression was performed. The error variance and normality were assessed to ensure that a simple linear regression model was appropriate (Sheather, 2009) . The level of significance for each statistical test was set at α = 0.05, and all statistical analyses were performed using software from R Core Team (2013).
RESULTS
Experiment 1
The average plasma FGF-23 concentration ± SEM of 21-d-old chicks fed a commercial starter broiler diet was 72.6 ± 20.1 pg/mL, with individual values ranging from 52.6 to 109.0 pg/mL (data not shown). The CV (SD/mean) was 22.44%.
Experiment 2
As anticipated, the level of dietary P significantly affected (P ≤ 0.05) bone length, bone weight, and bone ash content (Table 2 ). In contrast, there was no significant effect of dietary P content on body weight or plasma FGF-23 concentrations. Although there was substantial individual variation in bone mineral content and bone length vs. plasma FGF-23 concentrations, there were no significant correlations between these measures of physiological activity with circulating FGF-23 concentrations within a dietary available P level (Table 3 ; Figure 1 ). 
DISCUSSION
The kidney and the intestinal tract are the organs which control P homeostasis in animals and humans (Marks et al., 2010) . In the kidney, FGF-23 inhibits the activity of type IIa and type IIc P transporters, which are responsible for reabsorption of P from the glomerular filtrate (Gattineni et al., 2009) .
The current work was initiated to study the relationship between circulating FGF-23 and P utilization in the young broiler chick. When plotted against tibial bone ash or bone length, a wide variation in plasma FGF-23 concentrations within each available dietary P group was observed (Figure 1) , and there was no correlation between these two variables (Table 3) . Ren et al. (2017a) also reported a lack of influence of the level of dietary available P on circulating FGF-23 levels. However, because immunosuppression of FGF-23 greatly improved P utilization by young chicks, they concluded that normal endogenous levels of FGF-23 had a negative impact on optimal P utilization and that the anti-FGF-23 antibody was blocking hormone action at the tissue level. In a subsequent study, Ren et al. (2017c) reported that circulating FGF-23 levels were elevated in laying hens fed a high-P diet (0.80% available P) vs. a standard diet (0.40% available P), an observation that supported the concept that FGF-23 is protective against P toxicity (Razzaque, 2011) . This would also be consistent with the finding that FGF-23-deficient mice exhibit hyperphosphatemia (Shimada et al., 2004) . Moreover, although the role of FGF-23 in chronic and acute illnesses needs further clarification, humans with higher plasma FGF-23 levels are at greater risk of cardiac death and chronic kidney disease (Koller et al., 2015; Schnedl et al., 2015; Spaich et al., 2016) .
With regard to the wide variation in individual bone measures observed in the current study (Figure 1 ; Table 3 ), variation in intestinal P absorption is the most likely explanation. The main factor involved in P absorption is the sodium-dependent transporter II b. It has been characterized in the chicken (Yan et al., 2007) , and its activities have been studied by Huber et al. (2006 Huber et al. ( , 2015 and Li et al. (2017) . The activity of this transporter is variable and affected by dietary P level, diet composition, and bird age. Whether this transporter is responsible for inherited differences in P utilization (Edwards, 1983; Zhang et al., 2005; Beck et al., 2016) remains to be demonstrated. 
